Photolithography is an important manufacturing process that relies on using photoresists, typically polymer formulations, that change solubility when illuminated with ultraviolet light. Here, we introduce a general chemical approach for photoresist-free, direct optical lithography of functional inorganic nanomaterials. The patterned materials can be metals, semiconductors, oxides, magnetic, or rare earth compositions. No organic impurities are present in the patterned layers, which helps achieve good electronic and optical properties. The conductivity, carrier mobility, dielectric, and luminescence properties of optically patterned layers are on par with the properties of state-of-the-art solution-processed materials. The ability to directly pattern all-inorganic layers by using a light exposure dose comparable with that of organic photoresists provides an alternate route for thin-film device manufacturing.
S olution-processed colloidal nanocrystals (NCs) and quantum dots (QDs) have emerged as a versatile platform for building electronic and optoelectronic devices (1) . These materials enable nonepitaxial deposition and low-temperature processing of, for example, light-emitting diodes (LEDs), field effect transistors (FETs), near-and mid-infrared photodetectors, and solar cells. The transition from individual devices to the level of electronic circuits, sensor arrays, and high-definition QD LED displays requires development of material-adapted patterning methods. Depending on the resolution, throughput, and defect tolerance, various patterning and deposition techniques can be considered, including photolithography and imprint lithography, microcontact and inkjet printing, and laser or electron beam (e-beam) writing (2) . Among these, photolithography evolves as a method of choice for the electronics industry because of the combination of high resolution and very low cost per patterned element (3) . The latter comes from the parallel nature of the lithographic process; billions of circuit elements can be defined simultaneously, in contrast to serial techniques such as inkjet printing and e-beam writing.
We demonstrate a method that we call direct optical lithography of functional inorganic nanomaterials (DOLFIN). This process combines multiple benefits of traditional photolithography and is tailored toward efficient patterning of inorganic nanomaterials and sol-gel chemicals without diluting or contaminating them with organic photoresists and other by-products. Almost any inorganic functional material can be prepared in the form of NCs by using a variety of available solution-and gas-phase techniques. Atoms at NC surfaces easily engage in chemical bonding with molecular species-so-called surface ligandsthat provide colloidal stability to NCs in desired solvents (4) . The ligand molecules can be constructed as ion pairs, Cat + X − , where X − is an electron-rich nucleophilic group that binds to the electron-deficient (Lewis acidic) surface sites, typically metal ions. The negative charge on X − is balanced by a cation, Cat + , as shown in Fig. 1A . In polar solvents, cations dissociate from the surface and form an ionic cloud responsible for colloidal stabilization, whereas in nonpolar environments or in films, the ion pairs stay tightly bound (5) .
To (Fig. 1B) . Such ligands provide colloidal stability to metals, semiconductors, and many other types of NCs ( fig. S1 ). Upon photon absorption, PAG molecules decompose, releasing acidic protons (Fig. 1B) . These protons can react with the X − group or with the NC surface in several different ways that alter NC solubility in polar and nonpolar solvents (6 (Fig. 1C) . These ligands provide excellent colloidal stability in N,N-dimethylformamide (DMF), dimethylsulfoxide (DMSO), and other conventional solvents (Fig. 1D and fig. S2 ). However, irradiation with UV light (l < 360 nm) triggers decomposition of TTT ligands, making the NCs insoluble in DMF. 3 , and Zn(CH 3 COO) 2 in 2-methoxyethanol, we patterned indium gallium zinc oxide (IGZO) layers for transparent transistors ( Fig. 2A and fig. S5 ) (8) .
We generated these positive patterns by making the areas exposed to light and removing materials from the unexposed regions with a developer solution (such as DMF). Negative patterns can be created by using NCs capped with lyophilic ligands, such as oleate and oleylamine, mixed with (p-CH 3 S-C 6 H 4 ) (C 6 H 5 ) 2 S + OTf − PAG (6). After UV exposure, photogenerated protons efficiently attacked lyophilic ligands and replaced them with OTf -groups (6). As a very weak nucleophile, triflate forms an ion pair rather than a covalent bond with metal sites at the NC surface (5) . As a result, exposed areas become soluble in polar solvents and can be washed away with N-methyformamide (NMF) to form a negative pattern (Fig. 2C and  fig. S12 ). Unexposed NCs retain their lyophilic surface coats and do not dissolve in NMF. At the same time, the high solubility of PAG in NMF allows us to wash any unreacted PAG from unexposed areas. The patterned layers of organically coated NCs show bright luminescence and can be subjected to various on-film ligand exchange procedures (4) so as to optimize charge transport and other properties. The quality of the patterns was comparable with that achieved with commercial photopolymer resists. Good fidelity is demonstrated in Fig. 3A for the patterns of 10-mm-wide CdSe stripes consecutively patterned on top of each other by using NH 4 CS 2 N 3 ligands; additional images are shown in fig. S13 . The edges of patterned regions are sharp and clean (Fig. 3B) . The resolution, estimated by using a 1951 U.S. Air Force target, was limited by the one-micrometer mask resolution (Fig. 3C and figs. S14 and S15) . The thicknesses of patterned layers are determined by the penetration of UV light into a material. For II-VI and III-V semiconductors, linear absorption coefficients in the UV region level off at~10 6 cm −1 (9) . In agreement with this estimate, we could efficiently pattern CdTe NC layers with thicknesses between~10 and 100 nm ( Fig. 3D and figs. S8 and S12). Thicker layers can be patterned for materials with low UV absorbance, such as Al 2 O 3 and other oxides ( fig. S16 ). Multiple layers of the same or different materials can be photopatterned sequentially with three processing steps per layer: ink coating, exposure, and development (Fig. 3E) . Such layer-by-layer patterning permits designing 3D inorganic layers with~10-nm accuracy along the vertical direction (Fig. 3, F and G) . For comparison, layer-by-layer patterning by use of traditional organic photoresists is much less practical for building 3D materials because of a large number of processing steps-typically seven-for patterning each layer ( fig. S17 ) (3) . Before this work, NC films were patterned by using traditional photopolymer lithography (10), inkjet printing (11), and microcontact printing (12) . Hybrid organic-inorganic composites were patterned by using photochemically active organic ligands (13) . The ability to optically pattern inorganic phases without diluting them with photopolymers and other organic species is important for practical applications. A number of recent studies have shown that eliminating organic components from NC films reduces dielectric mismatch and dramatically improves interfacial charge transport (14, 15) . Inorganic ligands can also be designed to promote the sintering of NCs into a continuous inorganic layer (16) . Switching to inorganic surface ligands has resulted in improved performance of solution-processed solar cells (16, 17) , photodetectors (18), FETs (19, 20) , materials for lasing (21) , and electrochromic windows (22) . To evaluate the practical utility of DOLFIN, we characterized the properties of several representative metals, dielectrics, and semiconductors patterned by using photosensitive inorganic ligands. Shown in Fig. 4A is an emission spectrum from red-, green-, and blue-emitting coreshell QDs patterned as an array of square "pixels" (Fig. 1E) . The spectrum shows sharp peaks of band-edge emission from the original QDs without apparent signs of core etching or trap emission.
Gold NCs were patterned by using photoactive NH 4 CS 2 N 3 ligands and then annealed at 150°C for 20 min. Resistivity ( r) of a 60-nm-thick film measured with the four-probe van der Pauw method was 5.2 × 10 −8 ohm m at 300 K ( fig. S18 ). This value is comparable with the resistivity of evaporated Au films (6) , showing that our approach is suitable for direct patterning of metallic electrodes and interconnects. SCN − ions, formed after UV exposure of TTT ligands, do not impede charge transport and are widely used as conductive inorganic ligands for metal and semiconductor NCs (23) . Oxide NCs are used for dielectric layers in electronic circuits and various coatings (19) . We measured the dielectric properties of Al 2 O 3 NC layers patterned by using NH 4 TTT ligands. In a flat capacitor configuration, a 125-nm-thick Al 2 O 3 film showed a dielectric constant e = 6.9 ± 0.3 across a 10 2 -to 10 5 -Hz frequency range, with a low leakage current corresponding to r > 10 14 ohm cm (Fig. 4B, inset) . These e values agree with predictions from the Bruggeman effective medium theory for a film composed of nanoscale Al 2 O 3 grains (6) and are slightly lower than e for dense Al 2 O 3 films deposited through atomic layer deposition (ALD; e = 7.7 ± 0.4) (24). The refractive index (n) of patterned Al 2 O 3 films, measured with ellipsometry at 632.8 nm, was 1.40 and can be compared with n = 1.5 to 1.6 for ALD-grown dense Al 2 O 3 films. Higher n values were observed for ZrO 2 , ZnO, and CeO 2 NC layers (n = 1.62, 1.67, and 1.82, respectively) patterned by using PAG ligands ( fig. S19) (6) . Very similar refractive indices were measured for NC films prepared without photoactive ligands.
The performance of solution-processed semiconductor devices has advanced in recent years, but methods for the integration of these devices into complex circuits have yet to be established. To assess the quality of semiconductor layers patterned by means of DOLFIN, we made prototype FETs (6) . Their transfer and output characteristics are shown in , and negligible hysteresis (Fig. 4, E and F,  and fig. S21 ). These numbers are on par with state-of-the-art solution-processed FETs (1, 8, 20) .
The above examples show that PAG-and TTTbased surface ligands enable direct optical patterning of numerous inorganic materials with resolution comparable with that of traditional photolithography, without compromising the electronic and optical characteristics of patterned materials. We view this approach as an important step toward a broad technological adaption of solution-processed metals, dielectrics, and semiconductors. The compatibility with a broad range of substrates-including silicon, glass, and polymersprovides an avenue for the development of various hybrid devices. 
